This study was evaluated the tensile bond strength (TBS) of resin cements to bovine dentin resin-coated with all-in-one adhesive systems. Each of the dual-polymerizing resin cements; Link Max, Clearfil Esthetic Cement, Bistite II and Chemiace II were used to bond indirect resin disks to bovine dentin, as control, or coated by single-application or by dual-application of an adhesive system from the same manufacturer; G-Bond, Clearfil Tri-S Bond, Tokuyama Bond Force and Hybrid-Coat (n=10). After 24-hour water storage, TBSs were measured. The fracture pattern and the adhesive interface were observed using an SEM. Dual-application of the adhesive yielded significantly higher TBSs compared to control and single-application groups for all materials (p<0.001). From the limited information of this study, it was concluded that dual-application of all-in-one adhesive systems created a thin coating on dentin, and significantly improved the bond strengths of resin cements.
INTRODUCTION
Recently, indirect fabrication has been widely advocated for the tooth-colored restorations of posterior teeth. Selection of the appropriate materials for cementation is a key step for obtaining good dentin bonding and successful of an indirect restoration 1) . Resin cements have become popular among practitioners because of their ability to bond to both tooth structure and restoration, reduced solubility, and more forgiving nature on the accuracy of fit when compared with non-adhesive luting cements 1) . However, the bonding performance of resin cement to dentin is still lower than that of adhesive systems used in direct resin restorations 2) . Bonding performance is crucial in the fate of a restored tooth, and it has been reported that fracture resistance of a restoration is dependent upon the bond strength between the restoration and tooth substrate 3) . A resin coating technique has been introduced for indirect restorations to minimize pulpal irritation and postoperative sensitivity 4, 5) . This technique also provides better bonding, sealing, and adaptation to dentin [6] [7] [8] . Resin coating with a combination of a dentin bonding agent (DBA) and a low viscosity micro-filled resin composite (LVR) was recommended for inlay/ onlay preparations immediately after cavity preparation and prior to taking final impression 6, 8) . However, this combination creates a thick coating layer on the prepared tooth 6) , which will result in the deformation of crown preparations, and therefore a thinner film is required for coating crown preparations. It has been reported that a thin coating material improved resin cement-dentin bond strength 2) . Recently, various all-in-one adhesive systems for direct composite restorations have been launched on the market. These adhesive systems demonstrate good bonding performance to enamel and dentin 9) . These allin-one adhesive systems may also have a good potential as coating materials for crown preparations. Singleapplication of a DBA to the prepared cavity has been shown to protect the exposed dentin and prevent postoperative sensitivity 10) . Paul & Schärar 11) recommended dual-application of the DBA, which demonstrated an improved bond strength of resin cements 12) . Previously published work reported that the dual-application of an all-in-one adhesive system significantly improved the bond strength of a resin cement to dentin 13) . However, only one specific material was evaluated in the previous study. Accordingly, there is little information available regarding the effect of resin coating with single-and dual-application of various all-in-one adhesive systems on the adhesion of resin cements to dentin for indirect use.
Therefore, the purpose of this study was to evaluate the tensile bond strengths of resin cements to dentin with or without the resin coating technique using all-in-one adhesive systems, while evaluating the effect of dual-application of all-in-one adhesive systems.
The null hypotheses proposed were: (i) application of resin coating with all-in-one adhesive systems did not affect the tensile bond strength of resin cements to dentin, and (ii) number of applications of all-in-one adhesive systems did not affect the tensile bond strength of resin cements to dentin.
MATERIALS AND METHODS

Materials used in this study
The materials used in this study are listed in Table 1 .
Four all-in-one adhesive systems were used for resin coating, in conjunction with the dual-cure resin cements from the same manufacturers. G-Bond with the self-etching adhesive resin cement Link Max (GB/ LM, GC, Tokyo, Japan), Clearfil Tri-S Bond with the self-etching adhesive resin cement Clearfil Esthetic Cement (TB/ES, Kuraray Medical, Tokyo, Japan), Tokuyama Bond Force with the self-etching adhesive resin cement Bistite II (BF/BII, Tokuyama Dental, 
Specimen preparation
Specimen preparation is schematically illustrated in Fig. 1 . Freshly extracted bovine incisors, stored frozen, were used as the test substrate. The labial surfaces of the teeth were ground to expose the dentin and finished with #600-grit SiC paper under running water. A piece of polyethylene tape with a circular hole of 4.0 mm in diameter was positioned on the dentin surface of each tooth to demarcate the area for bonding. Then the teeth were randomly divided into three groups according to the surface treatment as follows: (1) the dentin surface was left uncoated as a control, (2) each adhesive system was applied to the dentin surface and light-cured using a halogen light curing unit (Optilux 501; Demetron Kerr, Danbury, CT, USA) for resin coating according to the manufacturer's instructions (single-application group), and (3) after the first application and lightcured of resin coating, the same adhesive system was reapplied to the coated surface and light-cured with the same procedure as the first application (dualapplication group). Following this, the surface of each specimen was covered with a water-based temporary filling material (Caviton; GC) and immersed in water at 37˚C for 24 hours. After that, the temporary filling material was carefully removed from the surface with a spoon excavator. Then, the surface was cleaned with alcoholsoaked cotton pellets for 10 seconds. For the resincoated groups, the surface to be bonded was cleaned with 37% phosphoric acid (K-etchant; Kuraray Medical) for 10 seconds, rinsed with water and air-dried in order to remove debris, whereas for the control groups, the dentin surface was left untreated.
Indirect composite disks (1 mm in thickness, 6 mm in diameter) were fabricated from a resin composite (Pearleste Shade DA2; Tokuyama Dental). The fabrication process entailed light curing for 1 minute using a halogen light curing unit (Optilux 501) and for 5 minutes using a laboratory visible light curing unit (Alpha Light II; J. Morita, Tokyo, Japan), followed by heat curing at 100˚C for 15 minutes in an oven (KL-100; Kuraray Medical). The surfaces of the composite disks were air-abraded using 70 µm Al2O3 particles (Hi Aluminas; Shofu, Kyoto, Japan) at 0.15 MPa and at a distance of 10 mm from the surface for 5 seconds and cleaned ultrasonically for 2 minutes in distilled water. The disks were then subjected to treatment using 37% phosphoric acid (K-etchant) for 10 seconds, rinsed with water and air-dried. A silane coupling agent (Clearfil Ceramic Primer; Kuraray Medical) was applied to the surface and air-dried. The indirect composite disk was then bonded to the surface of each specimen using each one of the four resin cements according to the manufacturer's instructions (listed in Table 2 ).
Tensile bond strength test
After cementation, a stainless steel rod was bonded onto the indirect composite disk using a dual-cure resin cement (Panavia F 2.0; Kuraray Medical). The bonded specimens were then stored in water at 37˚C for 24 hours, and the tensile bond strengths were measured using a universal testing machine (Autograph AGS-J; Shimadzu, Kyoto, Japan) at a crosshead speed of 2 mm/ min. The bond strengths were statistically analyzed by two-way ANOVA with Bonferroni correction at a 95% confidence level. The two factors analyzed were materials (adhesive/resin cement) and number of applications of adhesives. (n=10)
Failure modes
After debonding, the fractured specimens were gold sputter-coated and observed using an SEM (JSM-5310LV; JEOL, Tokyo, Japan) under ×100 magnification. The failure modes were classified into the following six categories as illustrated in Fig. 2 ; Type A: complete adhesive failure between resin cement and dentin; Type B: partial adhesive failure between resin cement and dentin, where remnants of the resin cement remained on the dentin surface; Type C: complete or partial cohesive failure within dentin; Type D: complete or partial adhesive failure between resin coating and dentin interface; Type E: complete adhesive failure between resin cement and resin coating; Type F: partial adhesive failure between resin cement and resin coating, where remnants of the resin cement remained on the coating surface.
SEM observation of adhesive interface
Specimen preparation for SEM observation is also illustrated in Fig. 1 . Each specimen was bonded in the same manner as described for the tensile bond test. The specimens were trimmed with a diamond bur (F 102 R, ISO #016; Shofu) and a model trimmer under copious water irrigation to a size of 10×10×5 mm. Then they were embedded in an epoxy resin (Epoxicure; Buehler, Lake Bluff, IL, USA). Each specimen was sectioned perpendicularly to the adhesive interface at 1 mm intervals to yield two specimens using a low-speed diamond saw (Isomet; Buehler). Each specimen was subsequently polished with silicon carbide papers #600, #800, #1000, #1200, and #1500 under running water, and then finished with abrasive disks and diamond pastes (DP-Paste; Struers, Ballerup, Denmark) of 6, 3, 1, and 0.25 µm particle sizes. The specimens were cleaned ultrasonically in distilled water for 2 minutes Table 2 The combination of resin coating materials and resin cement in this study Fig. 2 Illustration of each failure mode and dried at room temperature for 24 hours; and then subjected to argon-ion-beam etching (EIS-1E; Elionix, Tokyo, Japan) for 6 minutes at 0.2 mA and 1 kV to disclose the interfacial structure, gold sputter-coated and finally observed using the SEM. Thickness of the coating layer created by single-and dual-application for each adhesive system was measured at three points; the center of the bonding interface and at a distance of 1 mm from the center on either side (see Fig. 1 ). The mean value of the thickness of coating layers were calculated for each group (n=6).
RESULTS
The tensile bond strengths of the resin cements to bovine dentin are summarized in Table 3 . Two-way ANOVA indicated that the tensile bond strengths were influenced by materials (F=5.006, p=0.003) and number of applications of adhesives (F=215.2, p<0.0001).
Comparison between groups showed that in the control groups, no significant differences were observed among the four resin cements (p>0.05). The dual-application group showed higher bond strength than the singleapplication and the control group for each resin cement (p<0.05). The tensile bond strengths of the singleapplication groups were higher than those of the control groups in GB/LM and TB/ES (p<0.05), whereas no differences were found between the singleapplication and the control groups in BF/BII and HY/ CII (p>0.05). The highest mean value of the bond strength in all the groups was obtained by the dualapplication group of BF/BII. The failure modes distribution is summarized in Table 4 . For the control groups, adhesive failures between resin cement and dentin (Type A) were dominantly observed in each resin cement. On the other hand, the failure modes were variable in the resin-coated groups. For the single-application groups, adhesive failures between resin cement and resin coating (Type E or Type F) were mainly observed in the GB/LM, TB/ES, and BF/BII groups, whereas adhesive failure at the interface between resin cement and resin coating (Type E) and between resin coating and dentin (Type D) were mainly observed in HY/CII group. For the dual-application groups, adhesive failures between resin cement and resin coating (Type E) were dominantly observed in GB/LM, TB/ES, and HY/CII groups, whereas partial cohesive failures in dentin (Type C) were mainly observed in BF/BII group.
SEM images of resin cement-dentin interface with and without the resin coating of HY/CII specimens are shown in Fig. 3 . Good adaptation was observed at the interface regardless of the resin coating. However, the hybrid layer was hardly detected under ×2000 magnification. The thickness values for the coating layers are summarized in Table 5 . Single-applications created layers approximately 5 to 7 µm thick and dualapplications created layers 12 to 14 µm thick, regardless of the adhesive system used.
SEM images of the resin coating-dentin interface of dual-application specimens are shown in Fig. 4 for each adhesive system. The hybrid layer was hardly detected between the resin coating and dentin in each group, even at a high magnification (×7500).
DISCUSSION
Dentin bonding systems for direct restoration have achieved enough bonding to restorative composite and dentin 14) . However, current resin cements do not always provide a reliable bonding to dentin 15) , when compared to dentin bonding systems for direct restorations. In the present study, the tensile bond strength of each resin cement to dentin (control group) ranged between 4.7 and 6.5 MPa, which may not be sufficient from a clinical standpoint 8) . A relatively weak bond of a resin cement may lead to poor adaptation and gap formation at the margins of the composite restoration 16) , postoperative sensitivity 10) , and reduced longevity of the restoration 17) . Therefore, the ability of resin cements to bond to tooth structure needs to be improved for a success of tooth-colored indirect restorations.
The present study demonstrated that the efficacy of resin coating on dentin bonding of the resin cements was influenced by the adhesive systems used for coating, as well as the number of applications of the coating.
The dual-application groups yielded significantly higher bond strengths than the singleapplication and the control groups, regardless of the adhesive materials.
In the present study, the manufacturers' instructions were strictly followed for the application of each adhesive system, and the thicknesses of the coating layers were very thin for both single-and dualapplication groups. However, the thickness of the coating created by dual-application was approximately double of that created by single-application. It can be speculated that applying a second coating of the adhesive can eliminate the oxygen inhibited layer of the first coating, since the uncured resin in the oxygen inhibited layer is subsequently polymerized by diffusion of free radicals from the second adhesive layer [18] [19] [20] . Therefore, the proportion of the oxygen inhibited layer in the resin coating by dual-application would be lower than that by single-application. It is believed that the resin coating layer obtained by dual-application has an improved quality (i.e. better cross linking, improved conversion ratio, and higher mechanical property) 21) . Table 5 Thickness of the coating layer (µm) These properties may explain improved bonding by dual-application, since the nature of the bonding resin (degree of polymerization and mechanical properties) can influence the bond strength 22) . Single-application groups of GB/LM and TB/ES showed higher bond strengths compared to the control groups. On the other hand, no significant differences were found in the bond strength between the singleapplication and the control groups in BF/BII and HY/ CII. A previous study 23) reported that the use of filled adhesives, which are stronger than conventional unfilled adhesives, can improve bond strengths. HY is an unfilled adhesive, whereas the other adhesives employed are filled adhesives. Moreover, a previous study reported that bubble-shaped deficiencies were observed on the cured adhesive for a single coat of HY, which failed to cover the dental surface when used as coating effects of root dentin surface coating with allin-one adhesive materials on biofilm adherence 24) . These may explain the reason why single-application of HY did not improve the bond strength. However, no such explanation could be offered for the finding that the single-application of BF was not effective in improving the dentin bonding of resin cements.
Dentin exposed after preparation is permeable. The closer the contents of dentinal tubules to the pulp, the more they are influenced by thermal stress and osmotic gradients, which causes postoperative sensitivity 10) . Therefore, optimal sealing of the prepared dentin is important to protect dentin and pulp tissue. The barrier-like film layer created by resin coating has been reported to minimize pulpal irritation and postoperative sensitivity 10) . Regarding the failure mode, complete or partial adhesive failure between resin cement and dentin was mainly observed in the control groups, which may indicate that monomer penetration of the highly viscous resin cements into the underlying dentin was poor 7) . On the other hand, adhesive failure between the cement and coating surface (Type E and Type F) was mainly observed in the resin-coated groups (both single-and dual-application), suggesting that the dentin surface would still be covered by resin coating even after failure of the restoration, which is important considering protection of the dentin and pulp in a clinical environment. In a previous study 25) , it has been indicated that the oxygen inhibited layer functions as an adhesive layer chemically binding two increments of resin-based materials. Since the surface of the resin coating was cleaned with alcohol-soaked cotton pellets and phosphoric acid after removal of the temporary filling material in the current technique, it can be postulated that the oxygen inhibited layer may have been removed.
Selection of materials for temporarization has been reported to influence the bond strength of resin cement to the surface of resin coating 26) . A water-setting temporary filling material, Caviton, was used in this study, because the material does not affect the bond strength to the resin-coated cavity 26) . However, such material may not be suitable for use as a temporary luting cement for provisional restoration after resin coating of crown preparations. Further study should be required to evaluate the effects of different temporary luting materials commonly used for cementation of provisional restorations on the resin coating and introduce the most suitable temporary cements for this purpose.
The dual-application of all-in-one adhesives created approximately 12 to 14 µm thick layers on the dentin surface, regardless of the adhesive systems. This thickness will not affect the crown fitness, since resin coating is applied prior to impression taking. However, the thickness of the adhesives can vary significantly according to the surface geometry in clinical situations. On smooth, convex surfaces, the adhesive layer can be thin, while as for concave regions, such as marginal chamfer or shoulder, the thickness of the adhesive layer might be thicker than that obtained on the flat surface in the present study 27, 28) . In order to prevent the pool of adhesives around the margin, practitioners should be careful in air-blowing the all-in-one adhesives 29 ) . An adverse interaction has been previously described for chemical-or dual-cure composite resins placed over an adhesive layer that may contain residual acidic monomers 18, 30, 31) . The acidic monomers in all-inone adhesives interact with the tertiary amine in the dual-cure resin cement particularly if activation of light-cured resin cement is delayed 31) . In the present study of GB/LM, TB/ES and BF/BII group, the selfetching primer which was provided in the resin cement kit by the manufacturer was applied on resin coated dentin surface, to ensure optimal activation and polymerization of the resin cement. It has been suggested that primer application would have no adverse effect on the bond strength of dual-cure resin cement to resin coating 32) . The water-containing agents were adequately air dried to ensure removal of any residual water and solvent that inhibit polymerization and remain within the layer after polymerization.
It has been suggested that ferric chloride in optimal concentration could enhance polymerization of methacrylate monomers, especially in the presence of 4-META 33) . In this regard, for HY/CII group the HY activator was applied on resin coated dentin surface.
In conclusion, dual-application of all-in-one adhesives significantly improved the dentin bond strength of resin cements for indirect use. Additionally, a previous in vitro study demonstrated that the thin resin coating prevented marginal leakage beneath crown restorations 34) . Further studies should be conducted in order to evaluate the long-term durability of thin resin coating in terms of bonding, mechanical property, and sealing ability.
CONCLUSIONS
All-in-one adhesive systems have a good potential as thin coating materials for indirect crown preparations. Dual-application of an all-in-one adhesive significantly improved the bond strength of resin cement to bovine dentin.
